Contributed by Robert C. Gallo, June 19, 2015 (sent for review March 2, 2015) HIV necessitates host factors for successful completion of its life cycle. Mammalian target of rapamycin (mTOR) is a conserved serine/ threonine kinase that forms two complexes, mTORC1 and mTORC2. Rapamycin is an allosteric inhibitor of mTOR that selectively inhibits mTORC1. Rapamycin interferes with viral entry of CCR5 (R5)-tropic HIV and with basal transcription of the HIV LTR, potently inhibiting replication of R5 HIV but not CXCR4 (X4)-tropic HIV in primary cells. The recently developed ATP-competitive mTOR kinase inhibitors (TOR-KIs) inhibit both mTORC1 and mTORC2. Using INK128 as a prototype TOR-KI, we demonstrate potent inhibition of both R5 and X4 HIV in primary lymphocytes (EC 50 < 50 nM), in the absence of toxicity. INK128 inhibited R5 HIV entry by reducing CCR5 levels. INK128 also inhibited both basal and induced transcription of HIV genes, consistent with inhibition of mTORC2, whose activity is critical for phosphorylation of PKC isoforms and, in turn, induction of NF-κB. INK128 enhanced the antiviral potency of the CCR5 antagonist maraviroc, and had favorable antiviral interactions with HIV inhibitors of reverse transcriptase, integrase and protease. In humanized mice, INK128 decreased plasma HIV RNA by >2 log10 units and partially restored CD4/CD8 cell ratios. Targeting of cellular mTOR with INK128 (and perhaps others TORKIs) provides a potential strategy to inhibit HIV, especially in patients with drug resistant HIV strains.
HIV resistance | mTOR inhibitors | HIV transcription | CCR5 | humanized mice C urrent antiretrovirals (ARTs) against HIV target several different steps in the viral lifecycle (1, 2) . However, there is a continuous need for novel classes of ARTs targeting additional stages of viral replication, primarily due to emergence of drug resistance (1, 3) . There are currently several ARTs classes against reverse transcription, integration and maturation (4) . Within each class, the availability of several drugs with distinct resistance profiles make it possible to switch to an alternative drug from the same class in the event of resistance. In contrast, the HIV lifecycle steps of entry and transcription are underrepresented in current therapy. First, there are only two licensed entry inhibitors: the CCR5 antagonist Maraviroc (5) and the fusion inhibitor Enfuvirtide (6) . However, the virus tropism specificity of Maraviroc (7) and the need for twice-daily s.c. injection of Enfuvirtide (8) limit their clinical potential. Second, there are no licensed inhibitors of HIV transcription. Therefore, new approaches for targeting entry and transcription may provide alternative treatment options for patients, especially those with drug-resistant HIV strains.
Targeting cellular proteins that HIV necessitates in its lifecycle is an attractive approach to overcome HIV drug resistance because cellular proteins have lower mutations rates than do HIV proteins under drug pressure, and because there are so many host proteins needed by HIV for its replication. A downside, of course, is the possibility of side effects from inhibition of a cellular protein. Cellular mammalian target of rapamycin (mTOR) is a serine/threonine kinase that forms two complexes, mTORC1 and mTORC2. mTORC1 promotes translation initiation and synthesis of host proteins, whereas mTORC2 regulates full activation of the protein kinase B (AKT) pathway and also regulates PKC signaling pathways (reviewed in ref. 9) . Previous work has shown that rapamycin, which targets mTORC1 but not mTORC2 (10) , interferes with the HIV steps of CCR5-mediated entry and with basal (but not induced) transcription of the HIV LTR (11) (12) (13) (14) . These activities of rapamycin effectively inhibit replication of CCR5 (R5)-tropic HIV, but not CXCR4 (X4)-tropic HIV, in primary lymphocytes (11, 13, 15) .
The recently developed ATP-competitive mTOR kinase inhibitors (TOR-KIs) inhibit both mTORC1 and mTORC2 complexes (16) (17) (18) (19) . Because mTORC1 controls CCR5 expression and basal HIV transcription (11) (12) (13) , and because mTORC2 controls phosphorylation of PKC (9, (20) (21) (22) , required for NF-κB induction of HIV transcription (23, 24) , we hypothesized that TOR-KIs could inhibit both R5 and X4 HIV. We have evaluated the anti-HIV potential of TOR-KIs using INK128 (25) (26) (27) , currently in clinical trials of cancer.
Results

INK128
Inhibits R5 and X4 HIV Replication in Primary Cells. The chemical structure of INK128 is shown in Fig. 1A . We first evaluated the effect of INK128 on proliferation of peripheral blood lymphocytes (PBLs) from four different donors. For each donor, PBLs were activated by treatment with anti-CD3/CD28 antibodies for 3 d, cultured in the presence of IL-2 and various dilutions of INK128 for 5 d, followed by measurement of cell proliferation by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT)
Significance
Most HIV antiretrovirals target viral proteins. Unfortunately, HIV mutates under drug pressure, which can lead to drug resistance. Targeting cellular proteins that HIV necessitates in its lifecycle may help overcome HIV drug resistance because cellular proteins have lower mutations rates than do HIV proteins. Mammalian target of rapamycin (mTOR) is a cellular kinase that forms two complexes (mTORC-1 and -2), regulating protein translation and transduction signaling. We demonstrate that dual targeting of mTORC-1/2 with the catalytic inhibitor INK128 blocks HIV by interfering with entry and with transcription (basal and induced). Importantly, INK128 suppressed HIV in a preclinical animal model, suggesting that mTORC-1/2 catalytic inhibitors may help control HIV in patients, particularly in those with drug-resistant HIV.
assays (Fig. 1B) . INK128 did not inhibit cell proliferation at concentrations of up to 100 nM. We therefore selected 100 nM as the highest INK128 concentration in subsequent experiments evaluating antiviral activity.
We evaluated the antiviral activity of INK128 in PBLs infected with CCR5 (R5)-tropic and CXCR4 (X4)-tropic HIV reference strains BaL and HXB2, respectively. In experiments with PBLs from three donors, INK128 inhibited replication of both viruses, but it inhibited BaL more potently than HXB2 (EC 50 s of 10.5 vs. 38 nM; P = 0.007 by two-tailed, unpaired t test) (Fig. 1C) . Similarly, in primary isolates evaluated in three donors, INK128 was more potent against R5 (EC 50 s ranging 2.9-10.1 nM) than against X4 (EC 50 s ranging 17.5-36.7 nM) ( Table S1 ). The difference in INK128 potency against R5 vs. X4 primary isolates was again significant (P = 0.01 by two-tailed, unpaired t test). In addition, INK128 inhibited a multidrug-resistant HIV molecular clone NL43 29129-2 , which carries the RT gene amplified from plasma of a patient with multidrug resistant HIV (28) , with an EC 50 of 10.9 nM (Fig. S1 ). Together, these data show that INK128 inhibits replication of R5 and X4 strains of HIV, both laboratory adapted and primary isolates, in PBLs. We next evaluated the mechanism of INK128 inhibition of HIV. Because INK128 activity was more potent against R5 than against X4 HIV, we hypothesized that INK128 affects entry of these viruses differently. To test this, we performed cell-cell fusion assays between 293T cells expressing R5 or X4 HIV envelopes (effectors) and INK128-treated primary CD4+ T cells (targets). In this assay, targets are labeled with the fluorescent dye calcein (green) and effectors with CMTMR (red) before coculture. Fused cells score positive for both dyes. INK128 inhibited fusion of CD4+ T target cells with R5 HIV JRFL Env, but not with X4 HIV HXB2 Env ( Fig. 2A) . These data, obtained with CD4 targets from two different donors, suggested inhibition at an early step of the R5, but not X4, HIV lifecycle. We next evaluated downstream steps in HIV infection by measuring early products of reverse transcription and integrated provirus using real-time PCR in PBLs from two donors. As expected from the cell-cell fusion data, PBLs infected with R5 HIV (JRFL) and treated with INK128 had decreased levels of early products of reverse transcription (R/U5 transcripts) ( Fig. 2B ) and integrated provirus (Fig. 2C) . In contrast, INK128 did not decrease R/U5 transcripts or integrated provirus on infection with X4 HIV (HXB2). Together these data demonstrate that INK128 inhibits entry of R5 HIV, but it does not inhibit X4 HIV infection before, or at the level of, integration.
To gain insight into the mechanism of INK128 inhibition of R5 HIV entry, we evaluated the effects of INK128 on the receptor CD4 and the coreceptors CCR5 and CXCR4 by flow cytometry analysis in PBLs from three donors. In these experiments PBLs were stimulated with IL-2 alone (without previous activation with anti-CD3/CD28), in the presence and absence of INK128, for 7 d. INK128 reduced percentages of CCR5 expressing cells in both the CD4+ and CD8+ subsets of T cells (Fig. 3A) . INK128 also decreased CCR5 receptor density (molecules/cell). In contrast, INK128 did not change CXCR4 levels, either percentage or density (Fig. 3B ). In addition, INK128 did not impact CD4 receptor levels ( Fig. 3C ). Together, these data suggest that INK128 inhibits R5 HIV entry by decreasing CCR5 levels, consistent with the observation that CCR5 levels are limiting for R5 HIV infection (29) (30) (31) (32) .
INK128 Inhibits HIV Gene Expression. We next evaluated the effects of INK128 on activation of HIV in the chronically infected U1 cell line, which carries two copies of the HIV provirus per cell (33) . Under basal conditions, U1 cells express low levels of HIV, but HIV expression is enhanced by stimulation with the phorbol ester PMA or by exogenous addition of Tat (34, 35) . We cultured U1 cells in the presence of INK128 in the absence and presence of 10 nM PMA or 1 μg/mL Tat. INK128 was used at concentrations ≤10 nM because optimization experiments showed inhibition of cell proliferation at higher concentrations, consistent with the increased drug sensitivity of U937 cells (parent cell line of U1) to TOR-KIs compared with primary cells (36) . As expected, unstimulated U1 cells produced low levels of HIV p24, but production was increased by addition of PMA or Tat. Importantly, INK128 inhibited p24 production in untreated cells as well as in cells treated with PMA or Tat (Fig. 4) . RT-PCR analyses showed that INK128 inhibits synthesis of full-length unspliced HIV mRNA (Fig. S2) . Together, these data suggest that INK128 inhibits transcription, both basal and induced, of the HIV LTR.
INK128 has Favorable Drug Interactions with Current Antiretroviral
Classes. Available ARTs target the HIV lifecycle steps of entry, reverse transcription, integration, and maturation. The observation that INK128 reduces CCR5 density and inhibits R5 HIV entry suggested that INK128 could enhance the antiviral activity of the CCR5 antagonist Maraviroc. In addition, by targeting virus transcription, INK128 could have favorable interactions with inhibitors of reverse transcription (RTIs), integration (IIs), and protease (PIs). We therefore evaluated the antiviral potency of each ART class in the presence and absence of INK128. We conducted these assays in activated PBLs infected with R5 HIV BaL and treated with various dilutions of Maraviroc (CCR5 antagonist), Efavirenz (RTI), Raltegravir (II), and Indinavir (PI). INK128 was used at low concentrations (≤EC 50 ) to better detect changes in ART potency (Table S1 ). In experiments with two donors, INK128 enhanced the antiviral potency of Maraviroc by five-to sixfold, and had no negative effect on the potency of the other tested ARTs. Together, these data suggest that INK128 enhances the antiviral activity of Maraviroc, and it has favorable, nonantagonist drug interactions with the other existing ART classes.
INK128 Inhibits HIV Replication in Humanized Mice. We next evaluated the anti-HIV activity of INK128 in vivo, using NOD/SCID/IL-2Rγ null (NSG) mice reconstituted with human PBLs and infected with HIV BaL. In pilot experiments, in which uninfected huPBL-NSG mice were treated with daily i.p. injections of INK128 at 0.5, 1, 3, 5, and 7 mg/kg for 2 wk, the 7 mg/kg dose was associated with wasting and death. Thus, we evaluated the antiviral activity of INK128 at 0 (PBS) (n = 6 mice), 1 mg/kg (n = 5), 3 mg/kg (n = 5), and 5 mg/kg (n = 5). Treatment was initiated immediately after virus injection and continued once daily for 14 d. Treatment had no adverse effects on the weight of the animals compared with controls (Fig. S3) . Two mice, one in the control group and one in the 5 mg INK128/kg group, died in the course of the experiment. We could not determine the cause of death in the two animals, but incidental death, often the result of graft-versus-host disease from the transplanted human cells, is frequent in this animal model (37) .
On day 7 after infection, control mice (n = 6) had mean plasma HIV RNA (copies per mL) of 3. ; P = 0.01), at 1, 3, and 5 mg/kg/day doses, respectively. Consistent with reductions in viremia, infected mice treated with INK128 had higher CD4/CD8 ratios than did controls (Fig. 5B) . Although CD4/CD8 ratios on day 7 were somewhat variable, day 14 ratios were significantly higher that controls. Day 14 mean CD4/CD8 cell ratios were 0.04 (range, 0.03-0.06) in control mice and 0.11 (range, 0.06-0.18; P = 0.01), 0.18 (range, 0.14-0.24; P = 0.01), and 0.76 (range, 0.5-1.14; P = 0.01), at 1, 3, and 5 mg/kg/day doses, respectively.
Together, these data demonstrate that INK128 suppresses viremia of the HIV reference strain BaL in a preclinical animal model. INK128 reduced plasma viremia by more than 2 log 10 units, a decrease in viral load comparable to that achieved with EFdA, a potent NRTI in clinical trials, in a similar experimental setting (38) .
Discussion
ART has transformed HIV infection into a chronic condition that requires life-long therapy (39) . Patients on therapy can fail treatment, among other factors, because of the emergence of drug resistance. Most ART drugs target viral proteins, which can rapidly mutate and develop resistance under drug pressure. In contrast, targeting cellular proteins that HIV necessitates for successful completion of its lifecycle may slow emergence of resistance because cellular proteins have lower mutation rates than do viral proteins.
We have previously shown that targeting of cellular mTOR with rapamycin, which inhibits mTORC1 but not mTORC2, reduces CCR5 expression and R5 HIV entry in primary cells (11, 13, 15, 40) . Roy et al. showed that rapamycin represses basal transcription of the HIV LTR without significantly affecting Tatmediated transactivation (12) . Consistent with these activities, rapamycin effectively inhibited the replication of R5, but not X4, HIV in primary PBLs (11, 13, 15) . Nicoletti et al. have shown that rapamycin inhibits R5 HIV replication in a mouse model (41) . In a recent human study, HIV-infected kidney transplant recipients treated with rapamycin had lower frequencies of lymphocytes containing HIV DNA than those treated with other immunosuppressive drugs, suggesting an anti-HIV effect of rapamycin (42) . Together, these data validate rapamycin as an inhibitor of HIV, at least for R5 HIV strains.
Unlike rapamycin, the newly developed TOR-KIs inhibit both mTORC1 and mTORC2 (16) (17) (18) (19) . Using INK128 as a prototype TOR-KI (25-27), we demonstrate inhibition of CCR5 expression and inhibition of R5 HIV entry. INK128 potently inhibited basal transcription as well as transcription induced by PMA and by Tat. This broad antitranscriptional activity of INK128 is consistent with inhibition of mTORC2, whose activity is important for phosphorylation of PKC isoforms (including isoforms α and θ) (9, (20) (21) (22) , and, in turn, induction of NF-κB (23, 24) . By interfering with NF-κB induction, INK128 may prevent recruitment of the host transcription factor P-TEFb to the HIV LTR, thereby decreasing virus transcription (23, 43, 44) . In infectivity assays using primary PBLs, INK128 inhibited both R5 and X4 HIV, laboratory-adapted and primary isolates, with EC 50 values < 50 nM. Moreover, INK128 enhanced the antiviral potency of the CCR5 antagonist Maraviroc, probably by decreasing CCR5 levels, and had favorable antiviral interactions with inhibitors of reverse transcription, integration and protease. Thus, combinations of ARTs and INK128 (or other TOR-KIs) might increase the antiviral potency of current ART regimens.
Oral administration of INK128 in mice has high absorption and bioavailability, with doses of 3 mg/kg giving a C max of 1940 nM in plasma (25) . These data suggest that anti-HIV drug levels can be achieved in vivo. Indeed, we show that INK128 reduces plasma viremia by more than 2 log 10 units in humanized mice. This magnitude of virus suppression is similar to that achieved by EFdA, a potent NRTI in clinical development, in humanized mice (38) . Thus, INK128, and perhaps other TOR-KIs, may have anti-HIV activity in vivo.
A counterintuitive, yet important, property of TOR-KIs is that their inhibition of both mTORC1 and mTORC2 is better tolerated by normal PBLs than targeting of mTORC1 alone with allosteric inhibitors (26, 45) . It is possible that mTOR may have a noncatalytic scaffolding function that is suppressed by allosteric inhibition, but not with the catalytic inhibitor (45) . It is also possible that catalytic inhibitors may have a more transient effect on blocking the kinase activity of mTOR, sufficient for anti-HIV activity but not for cellular toxicity. In agreement, INK128 did not decrease proliferation of primary PBLs at concentrations of up to 1 μM in our assays. Moreover, daily administration of INK128 inhibited HIV viremia in humanized mice without obvious toxicity, as determined by changes in body weight, over a 2-wk period.
Mechanistically, mTOR controls host protein synthesis mainly at the translation level (9) . However, our data show that TOR-KI inhibition of HIV gene expression occurs at the transcription level, suggesting an indirect effect of the drug. It is possible that TOR-KIs interfere with translation of components in the protein machinery involved in HIV transcription, such as those in Tat protein "super-elongation complex" (46) (47) (48) .
Our study has several limitations. One limitation is that antiviral studies in humanized mice were done with HIV BaL, which is a drug-sensitive, laboratory-adapted HIV strain. In future studies we plan to evaluate INK128 in mice infected with HIV primary isolates, particularly isolates from patients with resistance to ARTs. Another limitation is that we did not perform toxicity tests of INK128 in mice. We did not observe significant changes in weight in treated animals (Fig. S3) , but in the absence of data on blood chemistry profiles or blood counts we cannot rule out potential toxicities. Moreover, we did not evaluated sufficient doses of INK128 to determine the therapeutic window, a critical parameter to determine its potential clinical utility of TOR-KIs against HIV. Future studies should determine the therapeutic window and dosing schedules for INK128 and additional TOR-KIs (18, (49) (50) (51) (52) (53) (54) so as to identify the most effective and safest approach to inhibit HIV.
In addition to inhibiting the HIV lifecycle at transcription and at CCR5-mediated entry, TOR-KIs may help control HIV through immunomodulatory mechanisms. In particular, TOR-KIs may enhance both the quantity and quality of memory CD8 T cells (55, 56) and also T-cell responses promoted by myeloid dendritic cells (57) . Finally, TOR-KIs may help simplify treatment in the growing population of HIV patients with cancer (39, 58) by simultaneously targeting both conditions. In summary, targeting of cellular mTOR with TOR-KIs, which act on both mTORC1 and mTORC2, provides a potential strategy to inhibit HIV, especially in patients with drug resistant HIV and in those with both HIV and cancer.
Methods
Cell Proliferation and Infectivity Assays. PBLs were isolated from buffy coats of HIV seronegative donors (New York Blood Center). The laboratory-adapted strains HIV BaL and HIV HXB2; primary isolates HIV 92BR020, 92UG031, 93BR029, and 93UG082; and multidrug resistant molecular clone NL43 29129-2 were obtained from the NIH AIDS Repository. Primary isolate 2044 was from Paul Clapham (Windeyer Institute), and 1633 and 1638 from the Institute of Human Virology (University of Maryland School of Medicine). Maraviroc, efavirenz, raltegravir, and indinavir were from the NIH AIDS Repository. INK128 was purchased from ApexBio. Proliferation of PBLs was measured by the MTT kit (Roche), following the manufacturer's directions. PBL infectivity assays were performed as described in SI Methods.
Cell Fusion Assay. CD4 cells were isolated from PBL cultures maintained for 7 d in the presence of different concentrations of INK128. Isolation of CD4 cells was done by positive selection using immunomagnetic beads following the manufacturer's directions (Invitrogen). We analyzed cell fusion by measuring cytoplasmic dye exchange between fluorescent dye-labeled CD4 lymphocytes (targets) and transfected 293T cells expressing the R5 HIV Env or X4 HIV Env (effectors) using Flow Cytometry Analysis. This methodology is described in detail in SI Methods.
Quantification of CD4, CCR5, and CXCR4. Quantification of CCR5, CXCR4, and CD4 was done as described (59) using the following antibody clones: clone 45531 (CCR5), clone 12G5 (CXCR4), and clone RPA-T4 (CD4). For CCR5 and CXCR4, lymphocytes were first gated on CD3 (clone UCHT1) and CD4 (clone RPA-T4). For CD4, lymphocytes were gated using CD3 (clone UCHT1) in combination with CD8 (clone SK1). All antibodies were from BD Biosciences except for the CCR5 antibody, which was from R&D Systems. The methodology is fully described in SI Methods.
Real-Time PCR for Detection of Early Products of Reverse Transcription and of
Integrated HIV DNA. Activated PBLs were infected with R5 and X4 HIV strains using a MOI of 0.01. Infected cells were cultured in the presence of IL-2 and different concentrations of INK128. Cell aliquots were collected at 16 and 72 h for analyses of early products of reverse transcription and of integration, respectively, by real time PCR. Detection of early products of reverse transcription was done with primers specific for the R/U5 region (60). For detection of integrated HIV DNA, we used a real-time nested Alu-HIV PCR assay previously described (61, 62) , with the modifications described in SI Methods.
Semiquantitative RT-PCR for Detection of Cellular HIV mRNA. Total cellular RNA was isolated using the Qiagen RNA Isolation Kit (Qiagen). RNA was then treated with DNase I, Amplification Grade (Invitrogen), and reverse transcribed with SuperScript III First-Strand Synthesis Supermix (Invitrogen) using hexamer primers. An aliquot of the cDNA was used as a template for PCR amplification of full length, unspliced HIV cDNA using primers US.1a and US.2a, and another aliquot for amplification with primer pairs specific for housekeeping [beta]-actin sequences (63) .
Generation of Humanized Mice, Quantification of Plasma HIV RNA and Lymphocyte Subsets. Animal protocols were approved by the Institutional Animal Care and Use Committee, University of Maryland School of Medicine. NSG mice (5-7 wk) were intraperitoneally (i.p) injected with 10 7 PBLs isolated from buffy coats of healthy donors. Three weeks later mice were screened for human lymphocytes in peripheral blood samples. Successfully reconstituted animals were i.p injected with 15,000 units of 50% tissue culture infective dose (TCID 50 ) of HIV BaL, followed by daily i.p. treatment with INK128 [1-5 mg/kg/day, prepared in a 1-methyl-2-pyrrolidinone (NMP)/ polyvinylpyrrolidone k30 (PVP) solution as described (26)] or PBS (in NMP/PVP solution) for 14 d. Animals were monitored daily for external signs of clinical deterioration. Blood samples, drawn from the retroorbital vein on days 7 and 14 after infection, were analyzed for plasma HIV RNA copy number by quantitative RT PCR using HIV gag primers (64) (SI Methods) and for human CD4/CD8 ratios (Flow Cytometry Analysis). Cell Fusion Assay. CD4 cells were isolated from PBL cultures maintained for 7 d in the presence of different concentrations of INK128. Isolation of CD4 cells was done by positive selection using immunomagnetic beads (Invitrogen) following the manufacturer's directions. HIV JRFL-Env (R5) and HXB2-Env (X4) expressing 293T cells were prepared by calcium phosphate transfection, using 5 μg of Env-expressing plasmid and 2.5 μg of cRev plasmid per 60-mm dish. CD4 lymphocytes (targets) were labeled with calcein acetoxymethyl ester (Calcein AM), and HIV Env-expressing 293T cells (effector cells) were labeled with orange dye, 5-and 6-([(4-chloromethyl)benzoyl]-amino) tetramethylrhodamine (CMTMR) on day 2 after transfection. Calcein AM and CMTMR dyes (both from Invitrogen) were used at final concentrations of 75 nM and 1 μM, respectively. Target cells (1 × 10 5 ) and effector cells (3 × 10 5 ) were cocultured in triplicate wells of a 96-well plate in Hepes-buffered DMEM (pH 7.2) supplemented with 1 mg/mL BSA (Sigma) for 2.5 h at 37°C to allow fusion. INK128 was added at different concentrations at the beginning of the 2.5-h incubation. Cells were washed with PBS, and incubated with Trypsin/EDTA for 5 min at 37°C to stop the fusion reaction and to disrupt cell clusters. Trypsin was neutralized by adding DMEM containing 10% (vol/vol) FBS and cells were washed with PBS. Cells were then analyzed on a FACSCalibur (BD Biosciences) after collecting 40,000 events from each well using Cellquest software (BD Biosciences). Fusion was scored as a number of cells positive for both dyes in the histogram. The results (fusion events) were normalized for the total number of target cells in the histogram. Background was determined by analyzing fusion in the presence of the fusion inhibitor, C34 peptide at 1 μM, a concentration that abrogates fusion. The obtained background signal (false positive fusion events) was subtracted from the signal obtained in the absence of C34.
Supporting Information
Quantification of CD4, CCR5, and CXCR4. Before staining, PBLs were washed twice with PBS and incubated in blocking buffer (PBS containing 2% human serum, 5% horse serum, and 0.1% sodium azide) for 30 min at room temperature. Cells were then stained with the antibodies for 30 min at room temperature, washed twice with PBS, and acquired on a FACSCalibur (BD Biosciences) using Cellquest software (BD Biosciences). Immunofluorescence intensity was measured as an estimate of the average number of molecules on the cell surface. Fluorescence was measured using the Quantiquest system (BD Biosciences), which produces a regression line from a series of Quantibrite-phycoerythrin (PE) bead standards (BD Biosciences). The mean number of surface molecules for a cell labeled with a PE antibody was then determined from the FL-2 value of the cell using this linear regression and taking into account the PE/antibody ratio for each antibody (1:1 in our reagents).
Real-Time PCR for Detection of Early Products of Reverse Transcription
and of Integrated HIV DNA. DNA was isolated using Miniblood kit (Qiagen). PCR amplification was performed using Quantitect SYBR Green PCR Kit (Qiagen) in a LightCycler (Biorad). Detection of early products of reverse transcription was done in reactions containing 100 ng of DNA and the primer pair 5′-GCTCTCTGGCTAACTAGGGAAC-3′ and 5′-TGAC-TAAAAGGGTCTGAGGGAT-3′ (R/U5 region) (60) . Samples were also amplified with primers for the housekeeping gene α-tubulin. Both sets of PCR reactions were done at an annealing temperature of 56°C. Amplified products were analyzed by denaturation/renaturation to verify the specific Tm. The PCR cycle at which the signal entered the exponential range was used for quantification, and HIV copy numbers were corrected for those of α-tubulin. Standard curves for HIV and α-tubulin copy numbers were generated by analyzing serial dilutions of plasmids carrying the corresponding sequences. For detection of integrated HIV DNA, we used a real-time nested Alu-HIV PCR assay previously described (61, 62) , with the following modifications. The first PCR used 100 ng of DNA template and primers Alu (5′-GCCTCCCAAAGTGCTGGG-ATTACAG-3′) and Gag (5′-GCTCTCGCACCCATCTCTCTCC-3′) for 25 cycles. From this reaction, 1/20 of amplified product was used as template for the nested PCR with primers LTR-R (5′-GCCTCAATAAAGCTTGCCTTGA-3′) and LTR-U5 (5′-T-CCACACTGACTAAAAGGGTCTGA-3′), as described (61, 62) except for the annealing temperature, which was 61°C in our reactions. As a standard curve for relative quantification of integrated DNA, the Alu-gag was first run using serial dilutions of DNA isolated from HIV infected PBLs (diluted in HIV-negative DNA).
Quantification of Plasma HIV RNA. For quantification of HIV RNA, viral RNA was extracted from 40 μL of plasma samples using Qiagen viral RNA Minikit (Qiagen). RNA was converted to cDNA using SuperScript III Supermix (Invitrogen). cDNA was amplified with HIV gag consensus primers (64), using Quantitec SYBR Green PCR kit (Qiagen) in a LightCycler (BioRad). Reactions were heated at 50°C for 2 min, 95°C for 15 s, followed by 35 amplification cycles (94°C for 15 s, 58°C for 30 s, 72°C for 30 s). A standard curve was prepared by serial dilutions of RNA extracted from plasma of an HIV patient with known HIV RNA copy number (HIV VQA RNA Quantification Standard; NIH AIDS Repository, catalog no. 3443). Peripheral blood CD4/CD8 ratios were determined by staining of whole blood with FITC-conjugated mouse anti-CD4 and APC-conjugated mouse anti-CD8 monoclonal antibodies (BD Pharmingen), followed by Flow Cytometry Analysis.
Statistics Analyses. EC 50 values were determined by variable slope nonlinear regression analysis. Unpaired two-tailed t tests were used to check for statistical significant differences between INK128 EC 50 values of R5 HIV versus X4 HIV in infectivity assays. Nonparametric Mann-Whitney tests were used to compare each treatment group and control group in animal studies. Statistical analyses were performed using GraphPad Prism (version 4.0). P < 0.05 was considered significant. 
